A comparison is made between the mechanical properties of the ultra-high-strength steel KNDS4 of fastener grade 14.9 and of conventional, high-strength steels 34Cr4 of fastener grade 12.9 and 33B2 of grade 10.9. The results show that the ratio of the yield strength at elevated temperatures to the yield strength at room temperature is higher for the ultra-high-strength steel than for both conventional highstrength steels, especially at 500°C. Moreover, the results show a trend in which the nano-indentation creep rate is lower as the strength of the steels is higher. The improved mechanical properties of the KNDS4 steel compared to the conventional high-strength steels are related to the smaller size of the alloy carbides in the KNDS4 steel. Furthermore, the effect of an alternative (industrial) heat-treatment on the evolution of the microstructure and hardness of the KNDS4 steel was investigated. Changing the industrial heat treatment can increase the hardness of KNDS4 by about 8%, since more alloy carbides can nucleate and grow. However, the standard industrial heat treatment results in a refinement of the martensite microstructure (grain size), which might be more beneficial for the toughness of the steel. Independent of the heat treatment, the mechanical performance of KNDS4 fasteners at elevated temperature and the low nano-indentation creep rates are two strong indicators that fasteners made from KNDS4 steel might be used at higher service temperatures than traditional high strength fasteners.
Introduction
The trend of engine down-sizing has led to smaller engines with higher mechanical and thermal loading of the components inside the engine. High-strength engine fasteners must therefore be able to maintain a high yield strength at elevated temperatures and to withstand creep at elevated temperatures. Martensitic, low-and medium-carbon steels, alloyed with mainly manganese and boron or manganese and chromium, are the work-horse materials for the current high-strength engine fasteners. These fasteners have a tensile strength up to 1 200 MPa and a yield strength of 0.9 times the tensile strength (grade 12.9), according to international fastener standards. 1) Higher strength fasteners are not yet listed in the fastener standards, because the susceptibility to hydrogen embrittlement increases in case the strength of traditional fastener steels exceeds 1 200 MPa. 2, 3) The fastener standards furthermore state a recommended service temperature of maximum 150°C.
1) The reason behind the latter restriction is related to the fact that the traditional fastener steels can lose strength and/or experience creep at elevated temperatures.
New fastener steels have already been developed, based on the need for higher strength and improved resistance to hydrogen embrittlement. 4, 5) The improvement in strength at room temperature of these fastener steels is achieved by a tempered martensite matrix and the addition of carbideforming elements such as titanium, vanadium and molybdenum, [6] [7] [8] [9] [10] [11] that generate precipitation strengthening via formation of alloy carbides. The potential improvements of the mechanical properties of fastener steel at elevated temperatures due to the formation of alloy carbides were not taken into account during the development of novel ultra-high-strength steels for fasteners. However, literature shows that the creep properties of martensitic steel for applications in power plants are improved by the presence of alloy carbides. [12] [13] [14] Moreover, a report has demonstrated the combined improvement of the room temperature and high temperature tensile strengths of martensite due to a fine dispersion of alloy carbides. 15) Creep measurements are very time consuming. In this study we aim to obtain more insight into the mechanical properties of ultra-high-strength steels for fasteners at elevated temperatures without performing laborious creep measurements. Instead, we apply the more recently developed technique of nano-indentation.
The aim of the present study is 1) to compare the mechan-ical properties of the ultra-high-strength steel KNDS4 of fastener grade 14.9 and of conventional high-strength steels 34Cr4 of fastener grade 12.9 and 33B2 of grade 10.9 at room temperature and at elevated temperatures, 2) to characterize the alloy carbides in the steels in order to investigate the underlying microstructural mechanisms that give rise to the different properties of the three fastener steels and 3) to optimize the thermal processing of the ultra-high-strength KNDS4 steel for fasteners. KNDS4 contains the strong carbide-forming elements V, Ti and Mo. These elements form complex alloy carbides during heat treatment and we therefore expect that KNDS4 can have better mechanical properties at elevated temperatures than conventional highstrength steels for fasteners.
Experimental
The following three experiments are carried out: 1) mechanical testing of fasteners made of KNDS4, 34Cr4 and 33B2 steel to compare room temperature and elevated temperature mechanical properties, 2) characterization of the alloy carbides to investigate the underlying microstructural mechanisms that give rise to the different properties of the three fastener steels and 3) optimizing the thermal processing of KNDS4 in order to further improve the mechanical properties of the steel. The chemical composition of the investigated steels are shown in Table 1 . The Fe-C-Mn-Ti steel of an earlier investigation, 16, 17) is used as a reference steel for the optimization of the thermal processing of KNDS4 steel.
Mechanical Testing of KNDS4, 34Cr4 and 33B2
Fasteners We compare the performance of the different fastener steels at elevated temperature by measuring 1) the yield strength as a function of temperature and 2) the nanoindentation creep rate of the three steels. Traditional creep measurements are time consuming. Therefore, we choose to estimate the relative creep behaviour of the three steels by comparing the tendency for deformation of these steels under constant-load conditions during nano-indentation experiments. We perform these experiments at room temperature, based on literature reports that a large number of metallic materials exhibit indentation creep at temperatures down to room temperature. 18) We prepare the test specimens from traditionally coldformed M14 fasteners made from KNDS4, 33B2 and 34Cr4 steel. The fasteners are industrially heat-treated in continuous belt furnaces with oil quenching. The heat-treatment parameters and the room temperature tensile strength and yield strength after heat treatment of the three steels are given in Table 2 . The longer times for the industrial heattreatment of KNDS4 are a recommendation from the steel producer. A separate batch of specimens received an additional heat-treatment for 100 hours at 200°C, 300°C, 400°C or 500°C. These are the test temperatures for mechanical property evaluation (see next paragraph). The accuracy of the industrial furnace is ± 5°C.
We perform tensile tests on bar-shaped specimens with a diameter of 12 mm and a length of 135 mm, which are machined out of heat-treated fasteners. The specimens have a reduced diameter of 4.00 ± 0.02 mm over a length of 22 ± 2 mm in the middle of the specimen. The radius of curvature of the transition region from the reduced to the full diameter is 30 mm. Tensile testing is performed at room temperature and at elevated temperatures, using a table top MTS 858 system (25 kN) operated in displacement mode. Heating is performed using an induction coil surrounding the test specimen with an ultra-high frequency induction generator TruHeat HF 3005 with a capacity of 6 kW. The temperature of the specimens is measured using three K-type thermocouples, which are separated by approx. 3 mm and which make contact with the specimen by using small springs. 19) The middle thermocouple is used for temperature control. The heating rate is 10°C/s, followed by 5 seconds soaking time at the test temperature, prior to axial loading. Axial loading is performed using a constant strain rate of 0.136 s -1 until fracture, following the demand on maximum cross head speed from ISO898-1.
1)
The nano-indentation creep measurements are performed on electro-polished steel specimens using an Agilent G200 nano-indenter equipped with a Berkovich-indenter. The tip is calibrated using a reference specimen of fused silica. We perform 20 indentation experiments on each specimen under constant-load conditions. 20) The maximum load, F max , is 16 mN for all specimens. The load is selected to assure an indentation depth of minimum 150 nm, in order to measure macroscopic behaviour of the material.
21) The indenter is loaded up to F max during 20 seconds. The maximum load is thereafter maintained for 600 seconds, while measuring the indentation depth. After the constant load section is finished the load is decreased to 0.2F max and maintained for 20 seconds to investigate thermal drift.
The experiments are evaluated according to the method proposed by Goodall et al. 20) Goodall et al. propose the parameter P, the tendency of a material to deform under constant-load nano-indentation, for comparing creep behaviour of different materials at a given temperature. The parameter P is defined by:
where Δh is the distance the indenter has penetrated into the material between the start of the constant-load section and the evaluation time t * , (dh/dt) t is the gradient of the depthtime curve at the evaluation time t * and σ is the applied stress.
During indentation experiments the stresses in the metal, under the indenter, range from high in the vicinity of the 18) Since the steels in our investigation have grain sizes that are smaller than 0.4 μm, we expect that diffusional creep may be involved.
Goodall et al. 20) suggest that different materials should be compared at the same time, t * , and load, F max , during indentation experiments. We therefore evaluate the parameter P for the three steels at t * = 570 s. However, since the three investigated steels have different hardness, the evaluation at t * = 570 s will result in different indent depths. This will result in different contact pressures between the indenter and the steels, since all experiments are done at similar load. High contact pressures are expected to generate a higher degree of dislocation glide plasticity. We therefore also evaluate the parameter P for the three steels at the same depth; i.e. at the same σ but different t * . Evaluation at similar depth allows us to compare the nano-indentation creep of the three steels at the same contact pressure. 22) The evaluation at a similar depth is done at Δh = 300 ± 20 nm, since this indent depth is reached during the constant hold period at a point where the depth-time curve has stabilized to a linear trend for all three steels.
Characterization of Alloy Carbides in KNDS4 and 34Cr4
The volume fractions of alloy carbides that are potentially present in the alloys are calculated with ThermoCalc software using the database TCFE06. The alloy carbides in the steels are experimentally characterized by Atom Probe Tomography (APT). The specimen preparation method for APT is described elsewhere.
16) The ATP analyses are performed using laser pulsing. The pulse frequency is set to 200 kHz, the laser energy to 0.25 nJ, the specimen temperature to 50 K and the evaporation rate to 0.5%. The reconstruction and data evaluation is performed using the IVAS 3.6.1 software. The quantitative analysis is based on the isotope distribution of different ions of the relevant atoms.
23) The APT measurements are only performed for the KNDS4 and 34Cr4 steels, since steel 33B2 has a low fraction of alloy carbides (see Fig. 4 ) and because the tensile-to-yield strength ratio of 33B2 is slightly lower than 34Cr4 (see section 3.1 and Fig. 2 ).
Optimization of the Thermal Processing of KNDS4
We explore if it is possible to improve the mechanical properties of KNDS4 steel by austenitizing the steel at 1 350°C instead of 940°C, which is the maximum capacity of the current industrial heat treatment equipment. The idea behind the alternative heat-treatments is to dissolve more alloying elements at higher temperatures in order to obtain a high density of small alloy carbides and cementite during subsequent tempering. The soaking time at 1 350°C is chosen to 30 minutes in order to compare the results to our earlier studies. 16, 17) We note that ThermoCalc simulations show that a small volume fraction of Ti 4 C 2 S 2 phase can form in the temperature range of 1 070°C to 1 456°C. It may therefore not be possible to assure that all Ti-atoms are in solid solution. The KNDS4 steel that is quenched from 1 350°C is from here on called KNDS4_1350 and the KNDS4 steel that is quenched from 940°C is called KNDS4_940. The austenitization treatment is followed by quenching to room temperature using He-gas, which resulted in a cooling rate of approx. 175-180°C/s from the start of quench to the martensite start (M s ) temperature and a cooling rate of approx. 45˚C/s below the M s -temperature. All specimens are subsequently isothermally tempered at 550°C for 5, 10, 30 or 60 minutes in order to study the evolution of the microstructure and the hardness with time during tempering. The heating time to the isothermal tempering temperature is 138 s. The tempering temperature of 550°C is chosen because it correlates with industrial heat-treatment of KNDS4 steel and in order to stay in line with our earlier investigations. 16, 17) The heat-treatments are performed on steel specimens that are machined to a cylindrical shape with a diameter of 4 mm and a length of 10 mm. The specimens are heat-treated in a Bähr 805 A/D dilatometer (Bähr-Thermoanayse GmbH, Hüllhorst, Germany).
Optical microscopy and scanning electron microscopy (SEM) (JEOL JSM-6500F with a field emission gun) is performed on nital-etched (5%) surfaces. Electron backscatter diffraction EBSD (using the SEM with a Nordlys detector) is performed on electro-polished surfaces, conducted in a solution of 8% perchloric, 10% butylcellosolve, 60% ethanol and 22% water. The EBSD data is acquired and post-processed with Channel 5 software. The beam diameter during EBSD mapping is approx. 16 nm, resulting in a spot dimension of 16 nm × 35 nm. This spot dimension is combined with a step size of 100 nm. Conventional micro-Vickers hardness is measured at 20 locations using a load of 500 g.
3.
Results and Discussion 3.1. Mechanical Testing 3.1.1. Yield Strength Figure 1 shows examples of stress-strain curves measured at room temperature and at 500°C for the three investigated steels. The yield strength reduces with increasing temperature, for each of the three steels. Figure 2 shows the ratio of the yield strength at elevated temperature to the yield strength at room temperature of industrially heat treated 33B2, 34Cr4 and KNDS4 fastener steels as a function of test temperature after 5 seconds of soaking time and Fig. 1 . Examples of stress-strain curves measured at room temperature and at 500°C for 33B2. 34Cr4 and KNDS4.
after 100 hours of soaking time. The yield strength ratio at 500°C is σ/σ 0 ≈ 0.65 ± 0.06 for the KNDS4 steel, which is much higher than the yield strength ratio at 500°C of σ/ σ 0 ≈ 0.40 ± 0.04 for the 34Cr4 and 33B2 steels (for which the yield strength ratios are similar). Furthermore, the yield strength ratio of KNDS4 at 500°C is the same after 100 hours of soaking time as after 5 seconds of soaking time. The improved properties of the KNDS4 steel are believed to be a result of secondary alloy carbides, which form during the tempering of KNDS4. This is discussed in later sections. Table 3 shows the data list, used to create Fig. 2. Figure 3 shows (a) the tendency of the three steels to deform under constant load nano-indentation, P (Eq. (1)), as evaluated both at t * = 570 s and at indent depth 300 ± 20 nm and (b) examples of the load displacement curves up to the constant load for the three steels. Figure 3(a) shows that the KNDS4 steel has a lower tendency to deform than the 34Cr4 and 33B2 steels, which have similar values of P. Figure 3 (a) furthermore shows that at similar depth, Δh = 300 ± 20 nm the tendency to deform decreases with increasing tensile strength of the three steels; KNDS4 steel shows the smallest tendency to deform and steel 33B2 shows the highest tendency to deform. At similar indentation depth the contact stress between the indenter and the steel samples is similar, since the load is similar. This contact stress is the driving force for nanoindentation creep. Studies have shown that nano-indentation creep is dominated by the mechanism of dislocation movements and that diffusional creep could become significant at grain sizes below 0.4 μm.
Nano-indentation Creep Rate
18) Studies 24) has showed that higher carbon content in steel leads to a slight reduction of the martensite grain size. The industrial heat treatment of KNDS4 furthermore results in grain refinement due to presence of undissolved Ti-carbides (see section 3.3). KNDS4 is thus expected to have a smaller martensite grain size than 34Cr4 and 33B2 steel and should therefore have a higher contribution of diffusion creep to the nano-indentation creep, as compared to 34Cr4 and 33B2. Figure 3 (a) consequently indicates that the microstructure of KNDS4 generates the highest resistance to dislocation movements (glide plasticity) of the three examined steels. The better performance of the KNDS4 steel is believed to be a result of a higher density of small and stable alloy carbides that prevent dislocation movements in the KNDS4 steel. Comparing the three steels, KNDS4 is expected to have the lowest dislocation density and 34Cr4 the highest. Litterature 25, 26) reports that a higher carbon concentration results in a higher dislocation density of as-quenched martensite. Quenched KNDS4 should have approximately 3% and 6% higher dislocation density, than 34Cr4 and 33B2 respectively. However, the subsequent tempering will lead to a marked reduction in dislocation density that is controlled by the tempering temperature. This reduction in dislocation density is expected to be in the range 30% for tempering at 460°C and 50% for tempering at 550°C.
27) The nucleation of alloy carbides in KNDS4 and 34Cr4 will prevent some dislocation recovery, but only a few %, since the tempering is continued for 60 minutes. 17) We emphasize that the parameter P does not represent fundamental creep characteristics, but is only used to compare the behavior of the three fastener materials to each other. Traditional axial creep testing is required in a subsequent study to fully establish the creep performance of the KNDS4 steel. Figure 4 shows the mole fraction of stable alloy carbide phases in the KNDS4, 34Cr4 and 33B2 steels, as a function of temperature, as calculated using ThermoCalc. Phases with a mole fraction less than 0.0005 are excluded from the figure.
Characterization of the Alloy Carbides 3.2.1. ThermoCalc Study
The fractions of stable alloy carbide phases are significantly higher in the KNDS4 and 34Cr4 steel than in the 33B3 steel, at the tempering temperature during the industrial heat treatment. The equilibrium alloy carbides in KNDS4 steel at 560°C are M 7 C 3 , M 23 C 6 , TiC and MC-type. The M 7 C 3 -phase has the highest mole fraction. The main equilibrium alloy carbide in steel 34Cr4 is the M 7 C 3 -phase. The main alloy carbide type of 33B2 steel is of FCC-type consisting mainly of C, Ti and Cr.
The higher mole fractions of alloy carbides in KNDS4 and 34Cr4 can lead to increased precipitation strengthening if the mole fraction is divided into a fine distribution of small alloy carbides. Small precipitates can reduce the mobility of dislocations at both room temperature and elevated temperature. This can increase the yield strength ratio at elevated temperatures and reduce creep rates of KNDS4 and 34Cr4 steels.
At the austenitization temperature of the industrial heat treatment of KNDS4 steel the equilibrium mole fraction of TiC is 0.0015, which means that the majority of the Ti-atoms does not dissolve in the austenite. Therefore, we expect that the formation of the TiC is limited during industrial tempering of KNDS4 steel. The pre-existing, primary TiC-precipitates are expected to be course compared to the secondary TiC-precipitates that can form during tempering. 28) 3.2.2. APT Study of KNDS4 and 34Cr4
Atom probe tomography measurements are performed on the KNDS4 and 34Cr4 steels. We exclude steel 33B2 from the APT study, because the ThermoCalc calculations show that the fraction of alloy carbide precipitates is very low in steel 33B2 and because the tensile-to-yield strength ratio of 33B2 is slightly lower than 34Cr4. Table 4 shows the equilibrium compositions (at%) of the stable phases in the KNDS4 and 34Cr4 steels as calculated with ThermoCalc. Furthermore, Table 4 shows the composition of the matrix and alloy carbides as measured by APT. The APT measurements show that the concentrations of the alloy elements in the matrix of KNDS4 and 34Cr4 steels after the heat-treatment are similar to the overall composition of the steel, as given in Table 1 . Therefore, we conclude that the redistribution of alloying elements into both cementite and alloy carbides does not significantly affect the average composition of the matrix during tempering up to 60 minutes. After 60 minutes of tempering the martensite matrix is still supersaturated with alloying elements. Further growth, and possible nucleation, of alloy carbides is therefore likely to take place during prolonged tempering of both steels (although we did not investigate this). Ti-atoms were not detected with APT in the KNDS4 specimen. This could be the result of the spatial distribution of the stable, primary TiC carbides (which were not present in the investigated volume), and the low concentration of Ti-atoms in solid solution that is below the resolution of the APT detection level (affected by the detection efficiency of 37%). ThermoCalc simulations show that at 940°C the mole fraction of stable TiC-precipitates is 0.002 and that only 9·10 -6 wt% Ti is in solid solution. Figure 5 shows APT images of industrially heat treated KNDS4 (a) and 34Cr4 (b) steel where carbon atoms are shown as red dots, cementite is shown as blue iso-concentration-surfaces and alloy carbides are shown as green isoconcentration-surfaces. The carbides (cementite and alloy carbides) are distinguished from the surrounding matrix by the carbon concentration. The APT measurements of the carbon concentration in the matrix are 0.20 at% and 0.34 at% in KNDS4 and 34Cr4, respectively, whereas all measured carbides contain a carbon concentration that exceeds 10 at% C. The cementite and alloy carbides are thereafter separated by comparing the Cr, Mn and Mo concentrations, after adjustment of the atom count.
The atomic concentrations, as measured by APT, cannot be directly compared to the compositions as calculated by ThermoCalc, since the overall detection efficiency of the APT instrument is limited and due to that some matrix atoms will be included inside the voxels which encapsulate the surface of the carbides. Small carbides are more affected by included matrix in the surface voxels. Furthermore, carbon atoms might not be detected due to surface migration, 29) and the measured carbon concentration might be too low due to detector pile-up. 23 ) Figure 4 shows that the stable carbides of 34Cr4 steel at the industrial tempering temperature are cementite and M 7 C 3 . The main difference between these carbides is the concentration of Mn and Cr. The APT measurements showed that the smaller carbides are significantly more enriched in Cr and Mn than the large carbides. The APT measurement of the smaller carbides are 2.5 ± 0.8 at% Mn and 3.9 ± 1.3 at% Cr, whereas the APT measurement of the larger carbides are 1.0 ± 0.2 at% Mn and 1.6 ± 0.4 at% Cr, respectively. This indicates that the smaller carbides are M 7 C 3 and that the larger carbides are cementite. We note that matrix atoms are included in the voxels of these carbides. Including matrix atoms will act to "dilute" the concentration of Mn and Cr. This effect should be more pronounced for the M 7 C 3 carbides since these are smaller. In order to correct our APT measurements of the small carbides, we therefore remove matrix atoms from the atom count of the carbides until we reach the expected carbon concentration of both carbides (25 at% and 30 at% for cementite and M 7 C 3 respectively). The corrected values are presented in Table 4 . Figure 4 shows that the stable carbides of KNDS4 at the industrial tempering temperature are cementite, M 7 C 3 , M 23 C 6 , and three types of MC carbides. The APT measurements of the carbides in the KNDS4 steel did not show any clear and significant difference in composition comparing the small and the large carbides. The APT measurements did however show that none of the measured carbides are of MC type. The FCC (TiC) carbide can be excluded since none of the measured carbides contain Ti. The MC (ETA) carbide can be excluded since none of the measured carbides contained Mo and V in 1:1 relationship and the MC (SHP) carbide can be excluded since none of the measured carbides contain high levels of Mo, combined with no or low levels of the other alloy elements. The carbides measured by APT in KNDS4 are therefore expected to be M 23 C 6 , M 7 C 3 or cementite. We note that when matrix atoms are included in the voxels of any of the carbides in KNDS4 (the voxels at the surface of the carbides), this will act to "dilute" the concentration of Mn, Cr and V in all of the three possible carbides (M 23 C 6 , M 7 C 3 and cementite). In order to correct our APT measurements for the carbides we therefore remove matrix atoms from the atom count of the carbides. We note that when the composition is corrected, the content of Mn increases above 0.8 at% in all carbides. None of the carbides is therefore expected to be of M 23 C 6 type. When the carbides are compared at 25 and 30 at% C, the average alloy composition of element Mn, Cr and Mo in the carbides starts to indicate that the small and the large carbides are of different types. The corrected values are given in Table 4 . The higher alloy content of the smaller carbides indicates that these are of M 7 C 3 type, whereas the larger carbides are cementite. In order to confirm the distinction between alloy carbide and cementite a characterization of the crystal structure would be necessary, which is not possible in APT.
The average number of atoms measured in the alloy carbides are 330 ± 290 atoms in KNDS4 and 3 270 ± 2 500 atoms (95% confidence interval) in 34Cr4. We calculate the average sizes of the alloy carbides by assuming spherical shape. M 7 C 3 carbides have an orthorhombic crystal structure with lattice parameters a = 0.4526 nm, b = 0.7010 nm and c = 1.2142 nm and 40 atoms per unit cell 30) ). We calculate that the average alloy carbide diameter is 1.8 nm in KNDS4 steel and 3.9 nm in 34Cr4.
The strengthening effect of the alloy carbides, Δσ P is thereafter estimated according to the Orowan-Ashby equation: 31) ∆σ (2) where d is the average precipitate diameter, G is the shear modulus of the matrix (calculated to be 80. 4 GPa by a linear interpolation between the systems of Fe and Fe-1C at a concentration of 0.4 wt%C 17) ), b is the length of the Burgers vector (0.248 nm 11) ) and f is the volume fraction of precipitates. We use the ThermoCalc simulation values of the mole fractions at the respective tempering temperature of KNDS4 and 34Cr4 as input for f. We thereafter convert the strength to hardness HV using HV = σ P /3.
24)
The strengthening effect of the alloy carbides in KNDS4 contributes to 492 HV hardness and the alloy carbides in 34Cr4 contribute 387 HV hardness. We note that this calculation represent the strengthening effect of the equilibrium volume fraction of alloy carbides in the two steels, and therefore is an over-estimation. The higher strengthening effect of the carbides in the KNDS4 compared to the 34Cr4 steel (due to the smaller size) does, however, indicate that the pinning effect of the alloy carbides is higher in KNDS4. The better yield strength ratio of KNDS4 at elevated temperatures is therefore considered to be a result of the smaller alloy carbide precipitate size in KNDS4, as compared to 34Cr4. The small alloy carbide precipitates of KNDS4 will hinder the dislocation motion, which in turn reduces the nano-indentation creep rate of KNDS4.
Optimizing the Thermal Processing of KNDS4
We compare the microstructure and hardness evolution during tempering of KNDS4 after different austenitization temperatures with the results of earlier investigations that we performed on a model alloy of Fe-C-Mn-Ti steel with similar concentrations of carbon and titanium. 16, 17) Studies have shown that the toughness of martensitic structures can be improved by refinement of the martensite (former austenite grain size, packet size and block size 32, 33) ). It is therefore of importance to avoid coarsening of the microstructure during heat treatment.
Former Austenite Grain Size and Cementite Size
The former austenite grains are measured using the linear intercept method on nital etched specimens. The former austenite grain size of KNDS4_1350 is 750 ± 179 μm, whereas the former austenite grain size of KNDS4_940 is 8 ± 1.5 μm (95% confidence interval). This difference in austenite grain size is directly related to the austenitization temperature since grain growth rate increases with increasing temperature. Moreover, stable TiC and MnS phases hinder the mobility of the austenite grain boundaries during austenitization treatment at 940°C (calculated using ThermoCalc). These phases are not present at 1 350°C, which allow the austenite grains to grow more rapidly in KNDS4_1350. Figure 6 shows SEM images of (a) KNDS4_1350, (b) KNDS4_940 and (c) Fe-C-Mn-Ti steel at low magnification in the as-quenched state and (d) the average radius of the cementite particles of the three steels as a function of tempering time. The auto-tempered regions in the SEM images (Figs. 6(a)-6(c) ) appear as white regions due to the small iron carbides. We note from the SEM images that the degree of auto-tempering is higher in the KNDS4 steels than in Fe-C-Mn-Ti steel. The area fraction of auto-tempered regions is estimated to 80-90% in the two KNDS4 steels, where KNDS4_1350 appears to have slightly more autotempering than KNDS4_940, and 40-50% in Fe-C-Mn-Ti steel. The study of individual cementite particle sizes was performed at higher magnification SEM images, which are presented in Fig. 7 .
The average cementite radius, R, is calculated according to: where w and l are the average width and length of the cementite particles in the SEM images. The cementite particles grow rapidly during the first 5-10 minutes of annealing. Thereafter, their size stabilizes.
Martensite Block Size and Width of the Block
Boundaries We define the martensite block boundaries as boundaries between two neighboring pixels with a misorientation that exceeds 10°. 34) The average block size is measured from Inverse Pole Figure maps of the martensite. The average martensite block size after quenching is 4.1 μm 2 in KNDS4_1350 and 2.4 μm 2 in KNDS4_940. The spread in grain size is large in both KNDS4 steels. The area of the largest and the smallest grain in KNDS_1350 is 30.0 μm 2 and 0.1 μm 2 , respectively. The area of the largest and smallest grain in KNDS4_940 is 19.6 μm 2 and 0.1 μm 2 , respectively. We observe that no block coarsening takes place during tempering at 550°C.
In our earlier studies we showed that the regions adjacent to block boundaries in martensite cannot be indexed by EBSD, because these regions contain high dislocation densities. 16, 21) The Kikuchi patterns that are obtained dur- ing EBSD measurements are typically degraded by surface roughness, grain boundaries, dislocations or precipitates, which induce strain in the lattice. 35) As stated above, the EBSD results show that block coarsening does not takes place. Therefore, the relative changes in the number of nonindexed points during tempering are a result of changes in the strain level of the steel, e.g. via recovery of dislocations and nucleation of precipitates. Recovery leads to a reduction in non-indexed points whereas nucleation of precipitates leads to an increase in non-indexed points since the precipitates are too small to be indexed (the beam spot size will cover both matrix and precipitate) and induce strains in the surrounding lattice. Small carbides will furthermore prevent recovery (by pinning of dislocations). We use the width of the non-indexed regions of the martensite block boundaries to study the evolution of strain in the martensite during tempering. Figure 8 shows the average width of the non-indexed martensite block boundaries in the KNDS4_1350, KNDS4_940 and Fe-C-Mn-Ti steels, as a function of tempering time at 550°C. In the as-quenched state, the width of the nonindexed block boundaries in the two KNDS4 steels is similar, and a little lower than the width of the non-indexed block boundaries in the Fe-C-Mn-Ti steel. During the first 5 minutes of tempering the width of the non-indexed regions decreases at a high rate in KNDS4_940 and Fe-C-Mn-Ti steel and with a slightly lower rate in KNDS4_1350. The rapid decrease of the non-indexed boundary width in Fe-CMn-Ti steel during the first 5 minutes of tempering was shown to be a result of recovery in the martensite in. 16, 17) During tempering from 5 to 10 minutes the width of the non-indexed boundary regions continue to decrease in Fe-C-Mn-Ti, whereas KNDS4_1350 shows a significant increase in the non-indexed boundary width. The increase in the non-indexed boundary width of KNDS4_1350 is a result of rapid nucleation and growth of precipitates. The earlier studies of Fe-C-Mn-Ti steel indicate that TiCprecipitate nucleation and growth takes place between 5 and 10 minutes. The increase in non-indexed points at the block boundaries of KNDS4_1350 steel therefore indicates that a higher density of precipitates nucleates and grows in KNDS4_1350, as compared to Fe-C-Mn-Ti steel.
During tempering from 10 minutes to 30 minutes, the width of the non-indexed boundaries decreases slightly in KNDS4_1350 and Fe-C-Mn-Ti. The slight decrease indicates that recovery takes place in parallel with nucleation and growth of alloy carbides. During tempering from 30 minutes to 60 minutes the width of the non-indexed boundaries in KNDS4_1350 continues to increase again whereas the width of the non-indexed block boundaries continues to decrease in Fe-C-Mn-Ti. The increase observed for KNDS4_1350 indicates that the alloy carbide precipitates in KNDS4_1350 have grown into a size which induces strain in the lattice and distorts the Kikuchi pattern enough to prevent indexing. Since no increase of the width of the non-indexed block boundaries is observed in Fe-C-Mn-Ti, this suggests that the alloy carbides in Fe-C-Mn-Ti are of smaller size and possibly have a lower number density.
Both Fe-C-Mn-Ti and KNDS4_940 show a decreasing width of non-indexed boundaries from 5 minutes of tempering to 60 minutes of tempering. The overall decrease of non-indexed block boundary width in KNDS4_940, from 5 minutes to 60 minutes, suggests that the density of alloy carbides that nucleate and grow during tempering is lower in KNDS4_940 than in KNDS4_1350. Figure 9 shows the hardness of KNDS4_1350, KNDS4_940 and Fe-C-Mn-Ti steel as a function of time during tempering at 550°C.
Hardness Evolution with Tempering Time
KNDS4_1350 is harder than KNDS4_940, at all tempering times. The hardness difference is 29 HV in the as-quenched state and during the first 10 minutes of tempering and thereafter increases to 37 HV after 60 minutes of tempering. This hardness difference can be caused by (i) different dislocation density, (ii) different concentrations of elements in solid solution, (iii) differences in grain boundary strengthening and/or (iv) different densities of small precipitates. We investigate the root cause to the hardness difference between KNDS4_1350 and KNDS4_940 in the as-quenched state via a review of (i) to (iv).
The EBSD studies showed that the width of the nonindexed block boundary regions of the two KNDS4 steels is similar in the as-quenched state (Fig. 8) . We therefore expect that the dislocation density is similar in the two steels. We calculate the difference in the strengthening effect of elements in solid solution of KNDS4_1350 and KNDS4_940 in the as-quenched state according to: 36) ∆σ ss where K i is a constant for alloy element i, and c i is the concentration of element i in weight percent. We assume that all elements that are in solid solution during the austenitization treatment remain in solid solution in the as quenched state. The calculations can therefore lead to differences only for the elements that are present in stable phases at the respective austenitization temperature, since both KNDS4 steels have the same overall composition. ThermoCalc simulations show that TiC-phase and MnS-phase are stable at 940°C and that Ti 4 C 2 S 2 is stable at 1 350°C. The concentration of Ti in solid solution of the austenite is 9·10 -6 wt% at 940°C 17)
The calculated hardness difference of KNDS4_1350 and KNDS4_940, due to Mn and Ti is 22 HV, in which KNDS4_1350 is the harder microstructure. We calculate the strength contribution of the block size of the martensite, σ gb , to the overall strength of KNDS4_1350 and KNDS4_940 using the Hall-Petch equation: 37) σ (5) where k gb is the Hall-Petch factor and D the average diameter of the martensite blocks. We use the average block diameter as measured by EBSD.
We use k gb = 17.4 MPa mm 1/2 according to.
11) The strengthening effect of the martensite block is 139 HV in KNDS4_940 and 121 HV in KNDS4_1350.
Taking (i), (ii) and (iii) into account, we expect that precipitates generate a hardness increase of 24.4 HV in KNDS4_1350, in order for our calculations to correlate with the measured hardness difference of 29 HV between KNDS4_1350 and KNDS4_940 in the as-quenched state. There are several precipitate types which can generate precipitation strengthening in KNDS4_1350: M 7 C 3 alloy carbides which form during quenching, Ti 4 C 2 S 2 which can form during the austenitization and possibly small iron carbides from auto-tempering.
According to Eq. (2), the smallest precipitate size (diameter) that can generate precipitation strengthening is 0.5 nm. The lattice parameters for M 7 C 3 alloy carbides (see section 3.2) show that approx. 7 atoms are needed to form an M 7 C 3 precipitate of diameter 0.5 nm. Nucleation of alloy carbides of the type M 7 C 3 can therefore rapidly generate precipitation strengthening of the steel. In order to generate 24.4 HV, these small precipitates do however require a volume fraction close to 0.18 and we therefore consider M 7 C 3 precipitates which form during quenching an unlikely root cause to the measured hardness difference. ThermoCalc shows that Ti 4 C 2 S 2 is stable in austenite at temperatures higher than 1 070°C. It is therefore possible that Ti 4 C 2 S 2 nucleates as small precipitates during austenitization of KNDS4_1350. The equilibrium volume fraction of Ti 4 C 2 S 2 in KNDS4_1350 is 3.77·10 -4 at 1 350°C. This volume fraction of precipitates of size 0.62 nm can generate a hardness increase of 25 HV.
The slight difference in auto-tempering of the two KNDS4 steels after quenching can also generate a hardness difference. Using the average iron-carbide precipitate size and comparing 80% (KNDS4_940) and 90% (KNDS4_1350) auto-tempering, a hardness difference of 12.5 HV can be generated. We therefore conclude that the hardness difference of 24.4 HV can be generated by a combination of different precipitate types in KNDS4_1350.
The increase of the hardness difference between KNDS4_1350 and KNDS4_940, from 29 HV in the asquenched state, to 35 HV after 30 minutes of tempering confirms the EBSD result that a higher number density of precipitates nucleate and grow in KNDS4_1350 than in KNDS4_940, since no other hardening mechanism leads to increased strengthening in these two steels during tempering (no grain refinement is observed by EBSD, the number of dislocations does not increase and the APT study of section 3.2 confirmed that the concentration of alloy elements in the matrix of the martensite of KNDS4 is not increased during tempering. Figure 9 furthermore shows that the hardness evolution of the two KNDS4 steels is similar during tempering at 550°C. The hardness decreases by 190 HV during the first 5 minutes of tempering and is thereafter showing an increasing trend. Earlier studies 17) have shown that the hardness decrease of the Fe-C-Mn-Ti steel during the first 5 minutes of tempering at 550°C mainly originate from recovery (approx. 210 HV) and coarsening of Fe 3 C (approx. 60 HV).
We use Eq. (2) to calculate the strengthening effect of the cementite precipitates of KNDS4 steel, similar to.
17) The hardness contribution due to small cementite particles in the two KNDS4 steels is 191 HV in the as-quenched state. The hardness decrease due to coarsening of cementite during the first 5 minutes of tempering is thereafter calculated to 98 HV for both KNDS4 steels, since there is no significant difference in the cementite particles of the two KNDS4 steels (Fig. 6) . The root cause for the high hardness decrease of KNDS4 steel is that KNDS4 contains a higher volume fraction of small iron carbides in the as-quenched state due to auto-tempering (the auto-tempered regions cover 40-50% of the area in Fe-C-Mn-Ti steel and 80-90% of the area in KNDS4 steel). The coarsening of the iron carbides during early stages of tempering therefore generates a large hardness loss in KNDS4.
The remaining 92.6 HV hardness decrease of KNDS4 steel during the first 5 minutes of tempering (from the total 190 HV measured hardness decrease) is generated by a reduction of the strengthening effect from a combination of solid solution, precipitates and dislocations (recovery). The combined effect of solid solution, precipitates and dislocations is complex. When new precipitates nucleate and grow, they can pin dislocations and reduce recovery. Formation of precipitates will furthermore redistribute alloy atoms from solid solution to the precipitates, which will result in a reduction of solid solution strengthening.
Dislocation strengthening in martensite can contribute to very high levels of hardness in the as quenched state (up to 274 HV), 17) whereas precipitation strengthening gives lower hardness contribution since the precipitates need to grow in size before they generate a hardness contribution. As precipitates nucleate and grow, alloying elements will be redistributed from solid solution to the precipitates. Our APT measurements of the matrix composition of the industrially heat treated KNDS4 steel (Table 3 ) do however show that the concentration of the alloying elements appear to remain stable in the matrix during tempering. The unaccounted hardness loss of 92.6 HV is therefore expected to be a result of recovery only. Recovery reduces the number of non-indexed points in EBSD whereas carbide nucleation and growth can increase the number of non-indexed points. It is therefore possible that we do not observe any changes in the number of non-indexed points during early stages of tempering of KNDS4.
We conclude that the strength and hardness of KNDS4 can be improved by applying a higher austenitization temperature than the current industrial heat treatment. However, the higher temperature generates a larger grain sizes than the ones resulting from the industrial heat treatment, which can reduce the toughness of the KNDS4 steel 32, 33) and is therefore not suitable for engine fasteners. We furthermore conclude that nucleation of complex alloy carbides in martensitic steel that contains several carbide forming elements is more rapid than nucleation of alloy carbides in a steel that contains only one carbide forming element. This observation is supported by literature studies which have shown that nucleation of vanadium and titanium carbides in steel is promoted by Mo additions to the steel. [38] [39] [40] 
Conclusions
We compare the properties of the ultra-high tensile strength fastener steel KNDS4 and the conventional high strength fasteners steels 34Cr4 and 33B2 at room temperature and at elevated temperatures. We thereafter explain the difference in properties based on a study of the underlying microstructural mechanisms. Finally we perform a heat treatment study of KNDS4 to investigate if the microstructure and properties can be further improved. KNDS4 steel has a higher yield strength ratio than both conventional high strength steels at 500°C, which have similar yield strength ratios at 500°C. Increased soaking time at elevated temperatures does not influence the yield strength ratio. The nano-indentation creep rate shows a weak trend in which the nano-indentation creep rate is lower as the strength of the different steel grades is higher; KNDS4 (grade 14.9) shows the lowest nano-indentation creep rate, followed by 34Cr4 (grade 12.9) and 33B2 (grade 10.9). The better mechanical properties of the KNDS4 steel are related to alloy carbides in the microstructure. The alloy carbides in KNDS4 are smaller than the alloy carbides in 34Cr4 steel, and the mechanical properties are therefore better. The heat treatment study of the KNDS4 steel shows that changing the standard industrial heat treatment to an austenitization temperature of 1 350°C can increase the hardness of KNDS4 by 8%. The increase stems from a more effective dissolution of alloying elements during the austenitization treatment, which increases the volume fraction of alloy carbides that forms during subsequent tempering and thereby generates precipitation strengthening. However, the standard industrial heat-treatment results in smaller martensite block sizes, which might be more beneficial for the toughness of the steel. Independent of the heat treatment, we find that the mechanical performance of KNDS4 fasteners at elevated temperature and the low nano-indentation creep rates are two strong indicators that fasteners made from KNDS4 steel might be used at higher service temperatures than traditional high strength fasteners.
